Compounds consisting of [M(1,2-disila-[3n]crown-n)] 2+ (M = Mg, Ca, Sr, Ba; n = 5, 6) and [Ba(1,crown-6)] 2+ cations and different anions were obtained by equimolar reaction of the hybrid disila-crown ethers 1,2-disila[15]crown-5 (1), 1,2-disila[18]crown-6 (2) and 1,2-disila-benzo[18]crown-6 (7) with alkaline earth metal salts. Even with strongly coordinating anions such as Br − or I − stable complexes could be obtained, showing the good coordination ability of these ligands. The structures of all coordination compounds were determined via single crystal X-ray diffraction (XRD). By means of DFT calculations, the complexation ability of 1,2-disila[15]crown-5 (1) towards magnesium bromide was determined to be considerably higher compared to [15]crown-5. The opposite case was observed in solution as the exchange of calcium cations between [18]crown-6 and 1,2-disila[18]crown-6 (2) was studied via dynamic proton nuclear magnetic resonance (NMR) spectroscopy.
Introduction
Within the scope of developing macrocycles, there has also been an increased interest in ring compounds which are made of an inorganic skeleton. [1] [2] [3] Unlike crown ether complexes, coordination compounds with cyclosiloxanes are very rare. They are mostly constituted of a weakly coordinating anion such as Al F (Al F = [Al{OC(CF 3 ) 3 } 4 ] − ), [SbF 6 ] − or [InH{CH 2 C (CH 3 )} 3 ] − as counterion where the charge is widely spread over a non-nucleophilic, chemically robust moiety. 2, [4] [5] [6] The Zr(IV) compound [Zr(D 6 )Br 2 ][Zr 2 Br 9 ] 2 (D = Me 2 SiO) is a unique example of a cyclosiloxane complex with a more strongly coordinating halide anion. 7 One model to describe the reduced basicity of siloxanes is the negative hyperconjugation. An occupied p-orbital of the oxygen atom donates electron density into the σ*-orbital of the silicon-methyl bond, which strengthens the Si-O bond. The complexation of metal ions leads to a competing polarization. 2, 8 According to Weinhold and West, negative hyperconjugation plays a major role in permethylated siloxanes, which was recently shown via natural-bond-orbital-analysis. 9, 10 Another approach to explain the low basicity of siloxanes consists of an ionic consideration of the Si-O bond. [11] [12] [13] Despite the high anionicity of the O atoms, siloxanes do not exhibit an increased coordination ability owing to the energetically unfavoured further polarisation of the already polar Si-O bond. In this respect changes in the n O → σ* Si-C interaction play a significant role. 8 Recent work suggests that repulsion between the positively polarized Si atom and the metal ion is eminently important beside the negative hyperconjugation to explain the low coordination ability of cyclosiloxanes. 14 Furthermore, extraction experiments have shown that the complexation abilities of ring contracted crown ethers like [17] crown-6 and sila [17] crown-6 are notably smaller than those of common crown ethers revealing that not only electronic effects but also the conformation of the macrocycle determines the complexation ability of such compounds. 15, 16 These facts motivated us to incorporate a Si 2 Me 4 unit rather than one SiMe 2 in between the oxygen atoms of crown ethers (Scheme 1). Less attention has been paid to this function and its coordination chemistry even though it is known for quite some time. 17, 18 However, in our recent work on hybrid disilacrown ethers we were able to synthesize crown ethers of the type 1,2-disila[3n]crown-n and their alkali metal complexes. The reaction of 1,2-dichloro-1,1,2,2-tetramethyldisilane and the appropriate glycole yielded the hybrid crown ether.
Complexation with selected alkali metal salts in dichloromethane (DCM) then yielded their alkali metal complexes (Scheme 2). By means of DFT calculations as well as dynamic proton NMR experiments, we revealed a comparable complexation ability of these crown ethers and their organic analogues. 19 We therefore assume that the reduced complexation ability of siloxanes is rather the result of structural and electrostatic factors. As the next step in understanding the coordination chemistry of disila-crown ethers we herein report the incorporation of alkaline earth metal cations.
Results and discussion
Treatment of 1 with MgBr 2 in trifluorotoluene led to the coordination compound [Mg (1,2-disila[15] crown-5)Br 2 ] (3). Neat 3 is a white powder which can be recrystallized after dissolution in DCM and layering with n-pentane. The resulting colourless plates were analysed via XRD. 3 crystallizes in the orthorhombic space group Pbca. The magnesium cation is coordinated by all oxygen atoms of the cyclic ligand as well as by two bromide ions giving a coordination number of seven ( Fig. 1 ). The oxygen atoms are in almost coplanar arrangement with the magnesium cation, which is apparent from the Br1-Mg1-O-angles of approximately 90°. The MgBr 2 fragment is in well-nigh linear shape showing a Br1-Mg1-Br2 angle of 178.5(1)°. This is consistent with the [Mg(THF) 4 Br 2 ] (THF = tetrahydrofuran) complex, whose Br-Mg-Br-angle is 178.0(1)°. 20 The O-Mg-O-angles differ from 67.5(1) to 81.5(1)°. The O1-Mg1-O5-angle is enlarged as a result of the Si-Si bond of 232.2(1) pm. The methyl groups are taking an almost ecliptic arrangement, which can be seen in the C-Si-Si-C-torsion angles of 9.3(1)°and 6.2(1)°. This eclipsed arrangement was also reported for different cyclosiloxane and disila-crown ether complexes. 2, 4, 14, 19, 21 The O-Mg-bond lengths vary from 223.3(2) to 235.1(2) pm. Hence they are slightly longer than the O-Mg-bond lengths in related compounds with [15] crown-5 as ligand (see Table 1 ) and quite as long as those of [Mg( [18] crown-6)(Cl-H-Cl) 2 ]. 22 However, the O-Mg-bond lengths of fully carbon substituted oxygen atoms in 3 are comparable to those which are half carbon and half silicon substi-tuted, so there is no hint for lower complexation ability of the silicon bonded oxygen atoms.
The shortest O-Mg bond is attributed to the silicon bonded oxygen atom O5 whereas the longest O-Mg bond is observed for the fully carbon substituted oxygen atom O3. The relative binding affinity of the hybrid ligand 1 towards magnesium bromide was further studied by quantum chemical calculations and is presented in Scheme 3. The exchange of magnesium bromide from [15] crown-5 to 1,2-disila [15] crown-5 (1) was calculated by means of DFT using the BP86 functional and def2-TZVP basis sets with inclusion of dispersion interactions together with charge compensation and is energetically favoured by 217.63 kJ mol −1 . This result implies a significantly better coordination ability of 1 compared to [15] crown-5 and is in well accordance to previous calculations for 1,2-disila [12] crown-4 towards Li + . 19 Unfortunately, the results of quantum chemical calculations could not be underlined with experimental data such as dynamic 1 H NMR spectroscopy.
3 does only barely dissolve in DCM and thus no proton NMR study was possible for this compound. The heavier calcium cation was incorporated by treating 2 with Ca(OTf ) 2 [18] crown-6)OTf 2 ] (4) was obtained as colourless powder. After recrystallization from dichloromethane, single crystals suitable for XRD were obtained in shape of colourless rods. 4 crystallizes in the monoclinic space group P2 1 /n. This coordination compound shows a mismatch: one of the crown ether oxygen atoms does not participate in the coordination of the central atom. The crown acts as "pseudo-1,2-disila [15] crown-5", so overall five crown ether oxygen atoms together with the two triflate groups coordinate to the calcium cation giving a total coordination number of seven (Fig. 2) . The O4-Ca1 atomic distance is 321.4(1) pm. The distorted O7-Ca1-O10 bond angle of 163.0(1)°is a result of the repulsion between O4 and one of the triflate groups.
Hence this angle is slightly smaller than the expected 180°a ngle which is found in [Ca(CH 3 CH 2 OH) 4 OTf 2 ]. 23 The O7-Ca1-O(1,2,3,5,6) bond angles differ from 78.3(1) to 99.41(1)°leading to a distorted arrangement of the crown ether oxygen atoms around the calcium cation. The mismatch is obviously caused by the small ion diameter of Ca 2+ , which is 200 pm, and the enlarged cavity of the ligand 2 compared to [18] crown-6. 24 The coordination pattern of 4 is known for different crown ether complexes. 22, 25 However, no mismatched calcium complexes of [18] crown-6 are known to date. Due to the mismatch, the O crown -Ca bond lengths in 4 are slightly shorter than those of complexes of [18] crown-6 and close to [15] crown-5 complexes of calcium (see Table 1 ). In case of this mismatched crown ether complex, we observed a significantly lower complexation ability of 2 in comparison to [18] crown-6 which was confirmed by means of dynamic 1 H NMR spectroscopy (see Scheme 4) . An equimolar reaction of 2, [18] crown-6 and Ca(OTf ) 2 was carried out. The percentage of coordinated and free ligand was calculated from the average chemical shifts in the mixture according to 36
Chemical shifts of compound 4 are significantly high-field shifted in the 1 : 1 mixture of 4 and [18]crown-6, whereas the singlet of [18] crown-6 is significantly down-field shifted (see Scheme 4, spectrum c). As calculated with the above given equation, the ratio of 4 to [Ca( [18] crown-6)OTf 2 ] is 14 : 86. This result is contradicted to experimental data 19 which was observed Scheme 3 Optimized structures of 1 (left) and 3 (right) and relative energies of the cation exchange from [15] crown-5 to 1,2-disila [15] crown-5 (1) . Calculations performed at the def2-TZVP level of theory. For XYZ-Data and related structures see ESI. † and (e) [18] crown-6.
for the system 1,2,7,8-tetrasila [12] crown-4/LiPF 6 / [12] crown-4 but attention should be paid to the enlarged cavity size of 2.
As reported for different supramolecules, the coordination ability of such compounds highly depends on the characteristics of the host-molecule. Especially the size complementarity between cation and host cavity influences the magnitude of the binding constant. 37 The molecular structure of [Ca( [18] crown-6)(OTf ) 2 (H 2 O)] reveals that [18] crown-6 enables all six oxygen atoms for the coordination to the metal ion rather than only five as in 4. 30 This is presumably the key advantage of [18] crown-6 over the corresponding disila crown ether 2.
The halide complex [Sr(1,2-disila [18] crown-6)I 2 ] (5) was synthesized by reaction of 2 with SrI 2 in trifluorotoluene. After recrystallization, 5 was obtained as colourless blocks which were suitable for XRD. 5 crystallizes in the monoclinic space group C2/c with one solvent molecule DCM. In contrast to 4, all crown ether oxygen atoms are coordinating to the larger strontium cation (Fig. 3 ). With two additional iodine atoms, the strontium cation has a coordination number of eight. No crown ether complex of the halide salt SrI 2 is known to date. Actually, different approaches to obtain crown ether complexes of strontium halides yielded [Sr( [12] crown-4)(H 2 O) 3 Br]Br or [Sr( [18] crown-6)(H 2 O) 3 ]X 2 (X = Cl − , Br − ). Therein no or no more than one halide anion is placed in the coordination sphere of the metal ion. 38, 39 Having an ion diameter of 236 pm, the strontium cation is still too small for the hole diameter of 2. 24 The twisted arrangement of the ligand enables all oxygen atoms to participate in the coordination. The O-Sr1-I1 bond angles differ from 86.1(1) to 96.9(1)°stronger than for example the O-Mg1-Br1 bond angles in 3. In addition, the Sr(OSiMe 2 ) 2 fragment shows an envelope conformation where the disilaneunit is buckling with Sr-O-O-Si torsion angles of 151.0(1) and 146.8(1)°. The methyl groups are again in an almost eclipsed arrangement with C-Si-Si-C torsion angles of 5.1(1) and 6.2(1)°. The I1-Sr1-I2 bond angle of 177.4(1)°is very close to 180°showing a well-nigh linear coordination of the SrI 2fragment, which is also observed for [Sr(DME) 2 (THF)I 2 ] (DME = 1,2-dimethoxyethane), whose I-Sr-I bond angle is 178.6(1)°. 40 With bond lengths of 320.1(1) and 320.5(1) pm, the Sr-I bonds are similar to those of different ether adducts such as for example [Sr(DME) 3 I 2 ], [Sr(diglyme) 2 I 2 ] (diglyme = bis(2methoxyethyl)ether) or [Sr(DME) 2 (THF)I 2 ]. 40 Again all carbon substituted oxygen atoms show almost the same bond lengths to the metal ion as the half carbon and half silicon affected oxygen atoms (270.0(2) to 277.7(2) pm). However, the O6-Sr1 bond is the longest one, but should be considered with respect to the twisting of the crown ether. Table 1 ). 33, 34, 39 Finally, the heaviest non-radioactive alkaline earth metal was incorporated into the macrocycle by treating 2 with Ba(OTf) 2 in DCM. After recrystallization, [Ba(1,2-disila [18] crown-6)OTf 2 ] (6) crystallizes in the triclinic space group P1 with two independent molecules within the asymmetric unit. The metal ion is coordinated by all of the crown ether oxygen atoms as well as by the two triflate groups. One triflate group is coordinating as bidentate ligand giving the barium cation a total coordination number of nine ( Fig. 4) . With its ion diameter of 270 pm the barium cation is larger than the strontium cation, but the crown is still twisting as shown by the O5-Ba1-O10 and O6-Ba1-O10 bond angles, which are 78.1(1) and 77.4(1)°F 2), I1-Sr1 320.1(1), I2-Sr1 320.5(1), Si1-O1 167.6(2), Si2-O6 167.7(2), Si1-Si2 233.4 (1) . Selected bond angles [°]: O1-Sr1-I1 88.0(1), O2-Sr1-I1 93.2(1), O3-Sr1-I1 96.9(1), O4-Sr1-I1 87.0(1), O5-Sr1-I1 86.1(1), O6-Sr1-I1 93.2(1), I1-Sr1-I2 177.4(1), Sr1-O1-O6-Si2 151.0(1), Sr1-O6-O1-Si1 146.8 (1) . respectively. 24 The O1-4-Ba1-O10 angles are much closer to 90°. The O crown -Ba bond lengths of 277.5(1) to 285.9(1) pm are in accordance with those of different [18] crown-6 complexes with barium. Nevertheless these distances are dependent on several factors such as coordination number, donor strength and the sterically demand of coligands (see Table 2 ).
Similar to the compounds 3-5, the silicon bonded oxygen atoms do not differ significantly concerning the oxygen metal distance in comparison to the fully carbon substituted oxygen atoms. Again an eclipsed arrangement of the methyl groups at the silicon atoms is found. With 2.3(1) and 2.7(1)°the C-Si-Si-C torsion angles are even smaller. The monodentate coordinating triflate group binding to the metal ion has a O(10)-Ba1 bond length of 253.9(3) pm. The chelating triflate group has significantly longer bond lengths of 288.7(1) and 292.1(1) pm. This is very similar to the trifluoroacetate groups in the complex [Ba(O 2 CCF 3 ) 2 ([18]crown-6)( py)] ( py = pyridine). The trifluoroacetate group, which acts as monodentate ligand, has O-Ba bond length of 263.1 (9) pm. The chelating one has a bond length of 287.6(1) pm. 46 To what extend these complexes are affected by negative hyperconjugation is still a matter of interest. We therefore claimed to crystallize a free ligand which can be compared to coordination compounds and started to prepare the heavier benzylic crown ether 1,2-disila-benzo [18] crown-6 (7) . The organic fragment of 1,2-disila-benzo [18] crown-6 was synthesized by reaction of catechol and 2-(2-chlorethoxy)ethanol. 50 Subsequent addition of 1,2-dichloro-1,1,2,2tetramethyldisilane yielded compound 7 (Scheme 5). However, 7 was obtained as a viscous oil, so no crystal structure could be obtained. An investigation regarding the coordination ability of 7 was still interesting because the benzylic unit as well as the Si 2 Me 4 fragment are considerably unpliable. Coordination chemistry was performed by reaction of 7 with Ba(OTf ) 2 , yielding [Ba(1,2-disila-Benzo [18] crown-6)OTf 2 ] (8), which crystallizes in the orthorhombic space group P2 1 2 1 2 1 (Fig. 5 ).
As previously shown for 6, the metal ion in 8 is coordinated by all of the crown ether oxygen atoms as well as the two triflate groups. The barium ion is only slightly shifted out of the center of the crown ether. The transannular angles of 157.0(1) to 170.0(1)°are close to 180°, so the barium cation fits well into the cavity of 7.
In contrast to 6, the twisting of the crown is absent. The crown ether is rather bent with the benzylic as well as the disilane unit buckling to one side. With 277.5(2)-289.9(2) pm, the O crown -Ba distances have almost the same lengths as in 6. So have those of related compounds (see Table 2 ). Similar to 6, one triflate group is chelating, the other one bonds to the metal ion only by a single oxygen atom. In comparison to O9, whose atomic distance to the metal ion is 263.0(7) pm, the chelating oxygen atoms of the triflate group have O10-Ba1 and O12-Ba1 atomic distances of 282.8(4) and 279.1(6) pm, respectively. The methyl groups of the SiMe 2 units are only slightly contorted to each other and show torsion angles of 16.8(1) and 18.3(1)°.
According to recently published work another key role in understanding the complexation ability of silicon based crown ethers analogues is the repulsion between the positively 
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Conclusions
In a recent work, we described the synthesis of hybrid disilacrown ethers of the type 1,2-disila[3n]crown-n (1: n = 5, 2: n = 6) and the formation of alkaline metal complexes. 19 Within this study, we reported the synthesis of 1,2-disila-benzo [18] crown-6 (7) using similar conditions. By equimolar reaction of alkaline earth metal salts with the disila-crown ethers 1, 2 and 7, we obtained the alkaline earth metal complexes 3-6 and 8. The structures of all coordination compounds were determined via X-ray crystallographic studies. The O crown -M bond lengths indicate that all carbon substituted oxygen atoms show almost the same bond lengths to the metal ion as the half carbon and half silicon affected oxygen atoms, so that on a structural level no reduced complexation ability of these O-Si 2 Me 4 -O fragments can be observed. The variation of ion diameter and cavity diameter of the crown then gives interesting coordination patterns: in compound 4, the cavity diameter of 2 is too large for the calcium ion resulting in a mismatch structure. This structure reveals that it's not inevitably the silicon affected oxygen atom which does not participate in the coordination but according to proton NMR-studies, the complexation ability of 1,2-disila [18] crown-6 (2) was determined to be significantly lower than those of [18] crown-6. The size complementarity between cation and host cavity significantly influences the complex stabilities.
Beside the triflate complexes 4, 6 and 8, we also obtained complexes with strongly coordinating anions such as Br − or I − (compound 3 and 5). These results show a better coordination ability of disila-bridged donor atoms in comparison to R 2 Si bridges, which results from longer Si-M distance within the metal complexes and a reduced cyclic stress. Furthermore DFT calculations (BP86 functional and def2-TZVP basis set) revealed that the coordination ability of 1,2-disila [15] crown-5 (1) towards magnesium bromide is considerably higher compared to [15] crown-5. Nonetheless, all disila-substituted crown ether oxygen atoms of the type SiSi-O-SiSi would still be useful to give more meaningful results in how far disilaaffected crown ethers can challenge organic crown compounds. Most recent work hints a considerably higher complexation ability of the partially silicon substituted crown ether 1,2,4,5-tetrasila [12] crown-4 towards Li + than [12] crown-4. 53 Thus, further investigations for this kind of crown ethers and a stepwise synthesis of a fully silicon substituted crown ether are intended for the future.
Experimental section
General All working procedures were carried out with rigorous exclusion of oxygen and moisture using Schlenk techniques under inert gas atmosphere. Solvents were dried and freshly distilled before use. Compounds 1, 2 and the organic fragment of 7 were synthesized using methods described in literature. 19, 50 Alkaline earth metal salts were stored and handled under argon atmosphere using a glovebox. NMR spectra were recorded on a Bruker AV III HD 300 MHz or AV III 500 MHz. Infrared (IR) spectra of the respective samples were measured using attenuated total reflectance (ATR) mode on a Bruker Model Alpha FT-IR. MS-spectrometry was measured on JEOL AccuTOF-GC (LIFDI) or LTQ-FT (ESI). Elemental analysis was performed on a Vario MicroCube. Fluorine-containing compounds led to ongoing damage of the elemental analyser and were not measured.
Synthesis of [Mg(1,2-disila [15] crown-5)Br 2 ] (3). 0.244 g 1,2disila [15] crown-5 (0.79 mmol) are dissolved in 15 mL trifluorotoluene, and 0.146 g (0.79 mmol) MgBr 2 are added. The suspension is stirred for four days and then filtered. The residue is washed with 4 mL DCM, and the filtrate is freed of the solvent. The resulting solid is washed with three portions of 5 mL n-pentane, dissolved in 2 mL DCM and layered with 10 mL n-pentane. After two days, 3 is obtained as colourless blocks (0.12 g, 30%). Elemental Analysis [%] found (calc.): C 28.83 (29.26) H 6.18 (5.73). 1 H NMR: (300 MHz, CD 2 Cl 2 ) δ = 0.44 (s, 12H, Si(CH 3 ) 2 ), and 0.146 g (0.79 mmol) CaOTf 2 are added. The suspension is stirred vigorously overnight and then filtered. The residue is washed with 2 mL DCM and the filtrate is freed of the solvent. The resulting solid is washed with three portions of 5 mL n-pentane, dissolved in 5 mL DCM and layered with 10 mL n-pentane. After two days, 4 is obtained as colourless rods (0.187 g, 39%). 1 H NMR: (300 MHz, CD 2 Cl 2 ) δ = 0.41 (s, 12H, Si(CH 3 ) 2 ),
